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Abstract

This paper describes an algorithm and a FORTRAN subprogram, CHAIN,

for simulating the behavior of an (n+l) state Markov chain using a

variance reducing technique called rotation aampling. The simulation of

k microreplications is carried out in parallel at a mean cost'jO(ln k)

and with variances of sample quantities of interest 'O((ln k)2/kZ)

The program allows for independent macrorepZication8, each of k micro-

replications, in order to facilitate estimation of the variances of sample

quantities of interest. The paper describes theoretical results that

underlie the algorithm and program in Section 1 and presents applications

of interest for first passage time and steady-state distributions in

Section 2. Section 3 describes the algorithm and CHAIN and an example
in Section 4 illustrates how CHAIN works in practice. Section 5 describes

the options available for restarting the simulation.
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Introduction

A recent paper (Fishman 1981) describes how one can use rotation

sampling, a special case of the antithetic variate method, to induce

substantial variance reduction in the simulation of a finite state

Markov chain. Since many discrete event simulations have an underlying

Markov structure or one close to being Markov, this variance reducing

proposal has clear appeal. Moreover, for large and possible Ill-

conditioned transition matrices, one may prefer the Monte Carlo or

simulation method with appropriate variance reducing plans to numerical

analysis when solving for steady-state and first passage time distribu-

tions. In fact, it may be the only feasible method for some problems.

This earlier work derives its cost-saving potential from viewing

the simulation of k tours in series of a finite (n+l) state posi-

tive recurrent aperiodic Markov chain as equivalent to the simulation

of k replications of the Markov chain in paraZZeZ. Although the

marginal distributions that arise with the two alternative formulations

are necessarily the same for corresponding variables, the parallel

formulation alllows one to induce joint distributions across replications

that lead to a significant cost saving. The induced joint distributions

follow from the use of rotation sampling, as described in detail in

Fishman and Huang (1980). The cost saving arises in two ways. Firstly,

for fixed n , run time in the correlated case is O(ln k) in contrast

to O(k) for the serial simulation. Secondly, for fixed n the

I
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variance of an estimator of interest has an upper bound 0((ln k/k) 2)

for the correlated case compared to 0(1/k) for the serial case.

The present paper describes an algorithm for implementing the

essential steps for k parallel simulations with correlation along

individual sample paths induced by rotation sampling. The paper also

describes a FORTRAN program, called CHAIN, that one can use to perform

the simulation. In particular, CHAIN runs I independent racroreplication8

each of K correlated parallel microreplications and computes point esti-

mates of interest and sample variances of these point estimates.

Section 1 introduces the Markov chain rotation and describes the

results on variance reduction derived in Fishman (1gla) for finite state

chains. For completeness it also presents results in Fishman (1981b) for

infinite state chains. Section 2 describes several potential uses of

CHAIN. These include first passage time distributions and steady-state

probabilities for semi-Markov processes. Section 3 presents Procedure MC

which contains the essential steps in carrying out parallel simulation

based on rotation sampling. It also describes the FORTRAN CHAIN sub-

program in detail. Section 4 describes an example of how CHAIN can be

used in practice. The example is of the discrete time Markov chain that

corresponds to the M/M/l queueing problem with finite capacity n

1. Definitions and Previous Results

Consider a positive recurrent aperiodic Markov chain with state

space S - (O,12,...,n) and transition probabilities {pi3 ; i,j0,l,...,n)
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where there exists a positive integer 6 5< (n-l)/2 such that

Pij 2 0 for li-i I> 6

and (1)
i+6

[j=max(Oi-6) Pij =

It is convenient to describe an alternative, but equivalent, representation

to (1) whose value is apparent when actually generating sample paths by

simulation on a computer. Let s3  denote the total number of states that

have positive transition probabilities from state j and let

(in. ; r = 1,...,sj} denote the ordered sequence (mir < mi,r+l; r = l,...,s. - 1)

of the s. states to which entry can occur from state j Then one has the

representation

Pjm r  > C. r = 1 . .s

sj

Zr=l Pjmr l

6 2t max (Imjl i III mis i J )
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Suppose one wants to use simulation to study the behavior of the

chain during a time period that begins with exit from state a and

ends with entry to state b e S. Consider k replications of the simu-

lation experiment run in parallel. Let KiUZ denote the number of

replications that move from i to j on transition z and let K,'

be the number of replications in state j at the end of transition .t Let

UU1...,SU K  be from u(O,l) where K > 0 is given. Then for

parallel replications onr can represent K jmjr+l as

Kjz

Kjmjr +l = 1 I[qj r-l' qjr )(UM ) (2)

where

qj= 0 

wqjw =  Pjmjr w=l,...,s ; i=0,l,....

and

I v(x) u 5 x < v[u'v)

= 0 otherwise.

To ensure that each replication begins with an exit from state a

and ends with the first entry into state b , one replaces

the original {Pbj; j=l,..'s b
1  by Pbb = I and sets pbmbr - 0 for

The prime superscript is used here for consistency with the nntation in

Fishman (1981a, 1g81b). However, without loss of generality, we take the
Initial state here as a and the final state as b whereas in the earlier
work the initial and final states were 0 and a respectively. This relabel-
ing of initial and final states makes the generality of the approach more
apparent to the reader.
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r 19 l... qSb and r gb .If b =a , these modifications are made after

the first transition.

If one uses the rotation ecompZing plan

(3)

KiKi

then the results in Fishman (1981a,b) apply. In particular,

var K~t 0(1) (4)

and for Sb =S -b ,the sample number of transitions from i toj

is

Rj X=K~ (5a)

and the sample mean reward is

Rk Aij Ki~ (5b)
k 11 es b JES

Then one has

var R#k i 0((ln k )2) (Sc)

and, if lAij :5 0(1) 21 S 0 6
k2 var Rk (i(n k)4) as n -.- (5d)

k 2 var R : 0((naln k)2) n c.
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Here we speak of {Aij) as the reward function. Finally, the number of

steps to total absorption

Tk = min(t: Kbt = k)

has

E Tk O(In k)

and (6)
I

var T k O((in k)2)

Note that the sampling scheri~e (3), when used in (2), preserves the

identical and correct proba')ility laws along the sample paths of each of

the k replications. In equivalent expression for Kjm t+l which

leads to a computational saving, is:

K r 9,+1  I Q I I P I + I[f , )(K 3tU) -

(7)
--1 Q I- IP - I~ , (KtU) p

where

I

P = Kit qj7 r-I

K; I q Jr
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and x = x - lxJ . Here the cost of sampling the transitions from state

j based on (7), and using the inverse transform method, is

() f; O(2 + 1) and independent of k whereas sampling cost based on

(2) is at best O(k)

Let Sk denote the cost of simulating (1) using (3) in (7). For a

countably infinite state space, no more than (26 + l)k transient states

are occupied prior to transition L+l and, therefore, no more than

(26 + 1)(0A + z)/2 sampling events occur through transition I . Since

each Ij) transition has cost 0(26 + 1) , one has Sk s O((6T')2) so that

k k

Csk s O((6 In k)2) (8a)

Fur the finite state case

E Sk s O(n 6n k) (8b)

These results compare favorably with the case of independent repli-

cations taken in series where Rijk and Rk , the sample number of transi-

tions from i to J and the sample mean reward, respectively, have

var Rijk = O(k) and k var Rk a 0(1) . Moreover, for simulation cost Sk

one has O(k) s E Sk ! O(6k) . The lower bound arises when n is small

enough to allow storage of all distributions and their aZiasee required by

the alias method (Walker 1977) to determine the entered state from each

existing state at each transition. The upper bound arises from use of the

inverse transform method to determine the paths. See Fishman (1981b) for

a more detailed discussion of this cost.
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It is also noteworthy that the desirability of k parallel replica-

tions with rotation sampling relative to a simulation of k independent

replications in series continues to hold when {A ij} is not bounded, pro-

vided that var(Aij K'. K'i i

2. Potential Uses

This section describes three uses to which the previously described

rotation sampling plan can be put with regard to estimation.

First Passage Times

Let

h£ = probability of moving from state a to state b for the

first time in exactly i steps

and (9)

Ht = Ii=l hi = probability of moving from state a to state

b for the first time in no more than Z steps.

As estimators of h. and HI one has, respectively,

=h K' = (Kb - Kb, . l) Kbo =0
Jc~b

and (10)

H k K=bi =1,2....
i-l iES b

Let S' denote the cost of simulating (1) up to and including step

ki

using the rotation sampling plan (3) with (7). Theorem I gives several
A

relevant properties for ht. , H and S'
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Theorem 1. For a simulation of k parallel replications of (1) using

(3) and (7) one has:

A

(i) E h, h
A

(ii) E H9 = H
A

(iii) var h O((,/k) 2)

(iv) var H Z

(v) E 5 )

Proof. Since the correct probability law continues to prevail on sample
I

paths for each replication, one has E K k h so that (i) and (ii)
bz k

follow immediately. Since var K jbP < 0(l) dnd no more than 26 states

can transit to state b , it is clear that

varoQjSb Kjb) 0

and that (iii) holds. Since there are.exactly t steps to consider,
A

(iv) follows irnmediitelv. Here H is a special case of (Sb) with

Aib = 1 I b and Aii = nl otherwise. Since exactly r steps occur

no more than (26 + l)(93 + t)/2 trials are necessary each with cost 0(6)

Therefore, (v) obtains.

If one were to perform k independent replications in series, then
A A

var h =0(1/k) , var H, = O(.21k) and E Sk a O(k) , emphasizing the

benefit of rotation sampling plan (3) and the conciseness of (7).
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Steady-State Distribution

Let

p= probability of being in state jat an arbitrarily selected

time j = 0,1,... ,n

As an estimator of pj one has

Pj 'kG (11)

where

and (12)

n
Gk= Gjk.

Since pj is a ratio estimator it has bias

E(~.-~~ 2 jvar Gk - f ( ka G k) (13)

E~ G~ k E GG Ejk E Gk

JJ
and variance

var 2 i.[ Gk -2cvGjkGk) + E k (14
Gk E Gk ja~k
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From the results of Section 1, one has

var G.k s 0((6 In k/k) 2) and var Gk s O((n In k/k) 2)

so that both bias and variance benefit from rotation sampling.

Steady-State ProbabiZities for a Semi-Markov Prooea

The results presented so far relate directly to a Markov chain.

However, their extension to semi-Markov processes is relatively direct

for the steady-state probabilities. Let Vij denote the mean time spent

in state i prior to transiting to state j . For the steady-state prob-

abilities, one now has the estimators

p = G I/G j=O,...
3 jk k

where
n

jk = jt- - i. K jt

and

n
G Gk . Gjk

j 0

Then p has approximate bias and variance as in (13) and (14), respectively,

I I rwith iGjk replacing G jk and G k replacing Gk .
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3. Implementation

Procedure MC decribes an algorithm that one can use to encode the

essential steps for simulating k replications in parallel with ini-

tial state a and absorbing state b . In practice, one will want

to embellish this procedure to allow for multiple reward functions and

multiple independent macroreplications. The latter enable one to esti-

mate variances and covariances of interest.

Figure 1 lists a FORTRAN subprogram called CHAIN that enables one

to simulate an (N + 1) state Markov chain with state space on the inte-

gers 0,1,...,N using the parallel rotation sampling plan (7) for the

purpose of computing sample mean rewards RPRIME(l),...,RPRIME(L) for L

reward matrices stored in array A(-) . Each of I independent macrorepli-

cations begins with a departure of K correlated microreplications from

state INITAL and ends with the absorption of all K microreplications in

state ABSORB. The purpose of the macroreplications is to facilitate the

estimation of the covariance matrix of the L sample mean reward functions.

Also, CHAIN estimates the first passage time distribution from INITAL to

ABSORB.

Insert Fig. 1 about here.
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Procedure MC

Given: a, b, k, n, st; 1=O,...,n) , {mir: r=l,...,si, 1=O,... n)

{pi.mi r=1 ... si; i=0,...,n) and [Atair; rl,... ,s i i = O,...,n}

1. ji-a.

2. R 4-O.

3. K' - k.a

4. For i=O,...,n Initialize.

For r=1,...,s si

K. -0

I Pi'ml*iMir 1&=1 mj

K;* 0.

5. Go to 8.

6. i 0

7. If i=b or K = 0 go to 23. (Skipif state is absorbing or empty.)

8. re-1. •:

9. Sample U from U(0,1).

10. P* O.

11. O.

12 Q j Rotation Sampling12. Q Ki qt'mr

ir
13. Q* LQJ.

14. QQ *

'5. X Q P + Ir (sign (U-F) + sign (&-U)•

16. Km * Km + X. (X microreplications move from i to mir )
ir mir

17. R' R + X Ai"mir  (Compute reward.)

18. P* - Q*

19. .

i
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20. If i b, Kb + 0. (In case a = b.)

21. r *- r + 1.

22. If r s si go to 12.

23. i i +1.

24. If i s n go to 7.

25. i .0.

26. If 1=b go to 33.

27. r 1.

28. If mir b, Kb Kb + Kb and go to 30. (Arrange for absorptions.)

29. Km i K* . (Move to transient states.)
mir mir

30. K* - 0.
mir

31. r -r+I

32. If r s si go to 28. (Are all moves from i completed?)

33. i -i +1.

34. If i < n go to 26.

35. If Kb < k go to 6. (Are all absorbed?)

36. R R /k and deliver R'

ri_
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Figure 2 contains a partitioned list of the input to CHAIN. Figure

2a displays all arrays and variables for which an initial numerical assign-

ment is necessary at the time at which CHAIN is called. Figure 2b con-

tains all interim working arrays and Fig. 2c lists all output arrays.

Insert Fig. 2 about here.

Note that the arrays A, M and P are one-dimensional in the subprogram

whereas their counterparts {A ij} , mi }1 and {pij} are doubly subscripted

in Section 1. This reduction leads to a considerable space saving, especially
when {Aij} {mij} and {p are sparse and N is large. In terms of

storage space, CHAIN requires O(4(ALL(L+4) + 2L(L+3) + 4NP + SIZE + 8TT))

bytes for the arrays listed in Fig. 2. Also, CHAIN has an upper bound

on mean execution time of O(ALL x I x L x In K) .

CHAIN uses the GGUBS random number generator in IMSL (1977) with SEED

as the seed or initial random number and returns SIZE uniform deviates on

each call of the generator. By choosing the blocking factor SIZE to be

large one reduces the frequency of calling GGUBS, thus reducing CPU time.

However, the space requirement for the uniform deviates is 4*SIZE bytes.

On a computer with limited space, one may select a small SIZE to accamodate

the space constraint. More generally, an alternative random number genera-

tor can be substituted by GGUBS with little effort.

The input OLD also calls for explanation. After running CHAIN for,

say II independent macroreplications each of K correlated microreplica-

tions, a user may find that the accuracy of the sample mean rewards is

too low for intended purposes. By setting OLD - 11 on a second run,
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choosing a new I > OLD , using the original K and restoring XBAR(*)

and COV(*,*) in the driver program, one can merge the sample output

from the first OLD macroreplications with that from the subsequent

I - OLD new macroreplications to produce a summary tableau. When this is

done, the resulting sample first passage time distribution is based on

the last I - OLD macroreplications only.

Mcroreplication verou Microreplication

As Section 1 shows, rotation sampling applied to K parallel micro-

replications produces a covariance matrix whose convergence rate has an

upper bound O((ln K)2/K2 ) on a single macroreplication. Since a method

is not yet available for estimating this covariance matrix from a single

macroreplication, CHAIN resorts to running I independent macroreplica-

tions for the purpose of estimating the covariance matrix of the L

sample reward functions. Therefore, the covariance matrix has a con-

vergence rate bounded by O((In K)' /IK2 ) and a run time of 0(1 In K)

for fixed ALL and L . Clearly one wants a K substantially larger than

I . In the example to be described next K a 217 and I = 23 , but other

compromises are equally reasonable.

4. An Example

To illustrate how the CHAIN subprogram works in practice, consider

the Markov chain associated with the M/M/1 queueing problem with finite

capacity n . In particular, the state of the chain denotes the number
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of customers in the system. In this queueing problem interarrival times

are i.i.d. from the exponential distribution with rate X, service times

are i.i.d. from the exponential distribution with rate w > X and there

is a single server. For the corresponding Markov chain these specifica-

tions imply

P01 =1l

- i=l,...,nPi,i-l X+W

-ji~ X+ i=l,...,n-I

X
Pn,n - X+

with all other transition probabilities being zero.

As objectives consider the estimation of

W1 = mean number in system.

W2 = probability of one customer in the system.

W3 = probability of two customers in the system.

W = first passage time probability mass function for the Markov

chain from the empty and idle state back to that state.

W = distribution function associated with W

Let (A. ({)} denote reward matrix X and Rk(k) denote sample mean

reward function k based on using {A. (t)} in (5b). Then one estimates
1n

W1S W2 and W 3 by
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W x R,(l)/R'(2)

W2= Rk(3)/Rk(2)

W3 = Rk(4)/Rk(2)

where

A i=O,...,n-1

A1 i1(1) -+
Aii( i=.)-,nAi ) = X+W "

n,n = n

A10(2) 1

Ai (2) = L i=,... ,n

A (2)-= 1n,n(X)

AIO(3) = '0
A10(3 X+W

A1 2 (3) a
Xhi

A21 (4) = X+w

A23(4) =

For W and W5  we use the estimators in (10). These are computed

automatically by CHAIN.

Figure 3 shows a driver program designed to initialize all relevant
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parameters and call CHAIN for this problem. Here LAM and W

correspond to X and w

Insert Fig. 3 about here.

respectively. As input we set

LAM = 0.9

W = 1.0

INITAL 49 0

ABSORB = 0
3

1 2 =8
17

K= 2 =131072

L=4

SEED =1234567

SIZE =40000

TT =50.

Figure 4 shows the output of CHAIN for this problem. The ratio

estimators W, and W3  together with their biases and variances can

Insert Fig. 4 about here.
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be computed by hand or by a subsequent subroutine that uses XBAR and

COV as input together with the formulae

Y EX EY var X cov(XY)
E- XE X [w X EX-EY

and

var(Y/X) E2Y var X 2 cov(X,Y) var Y

var(Y/X) U- EX EY + F-

We have chosen to do them by hand. They are

W = 8.7396 W2 = .0905 W3 = .0814

E(WI-W l) -.1037 x 10 "' E(W2-W2) .4304 x 10" E(W3-W3) .3735 x 10"

var = .2646 x 10 var W = .3780 x 10"  var W3  .2936 x 10

From Gross and Harris (1974, Sec. 2.5) one has

W= 8.7410 W2 = .0905 W3 = .0814

which confirm the performance of CHAIN.

All computing was performed on an IBM 370/155 computer. For

FORTRAN G (level 21), the CHAIN Program requires 8592 bytes of space.

For FORTRAN H (level 21.8) it requires 7380 bytes.
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5. Restarting the Simulation

Situations will occur in which a user of CHAIN does not have a good

a priori estimate of the running time or the statistical reliability

to be expected from a specified set of Il macroreplications each of K1

microreplications. At least two alternatives exist for dealing with this

case. A user may make a preliminary run and determine that 12 additional

macroreplications, each of K2 = K1  microreplications, are necessary to

achieve the desired accuracy within budget. CHAIN is designed to accommodate

this alternative and, provided that the sample means and covariances accumu-

lated on the first Il macroreplications are restored prior to collecting the

additional 12 macroreplications, the routine prints the global sample

means and covariances at the end of all IlI + 12 macroreplications.

The second alternative arises when on the basis of the first run a

user determines that 12 macroreplications each of K2 * K1  microrepli-

cations is the most desirable way of achieving the desired accuracy. Here

the restoration feature of CHAIN does not apply. Let X and Z be the

sample mean vector and sample covariance matrix of X obtained on the

first run with Il and K1 . Let T and 9 denote the corresponding

quantities on the second run with 12 and K2 . Then the overall sample

mean vector is

1 1 Y+ IV
- I + 12) (11 2 I

and its sample covariance matrix is

r 1
2 + 2(11 + 1 2)2 I +I
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Although the computation of T and r are not features of CHAIN

one can easily add them if desired. However, as in the case of the

ratio estimators in Section 4, the relative importance of this feature

will differ from user to user.
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SUBROUTINE C6AIN(K.OLD.I.NP.INITAL.ABSORB.S,5.SUKS. ALL. P. 00000100

1 KPRINEKSTAB.Q.L.ASIZ3.A.IP3INI. II.COV.COEF. 00000110

2 TT.FRBAR.FRVAR.CURBAR.CURVAR.SEZD.SIZE.V) 00000120

C 0*0 RKOGRAM FOR SIMULATION OF MARKOV CHAIN BETH V1+ STATES 00000130

C 0*0 USING ROTATION SANPLING. 00000140
00000150

INTEGER NF.AbSORBALLBCOUNTI.IUITALZISEZD,IT.JKPINE(NP). 00000160

1 KSTAR(NP),L.LALI.LIJ.KLL.LI.R.I(AJLL) ,NOLDONZGA.,Z 00000170

2 PSTARQSTAR.ONEGASBZDeSIZE.S(NP),SJ.SKSSSUIS(NPITT, 00000180

3 ASIZE 00000190

REAL04 A (ASIZE) ,FRCV,CUCVYT(SlZE) 00000200
REALES C,CC,COEFF(L),COV(LLIP(ALL),PPPBABQ(ALL),QQQBARl 00000210

1 APRzBE(L) ,RSEED,XBA |(L) O,FREQCOI,FRVAR(TT).FBBAR(TT), 00000220
4 CUMbAD (TTI ,CURVAR (TT .FF,FFVAR,8ZG 00000230

00000240

C *so DESCRIPTION OF VARIABLES - 00000250
C *so 00000260
C *00 At*) = REWARD NATRIX 00000270

C *SO ABSORB a ABSOHBLNG STATE 00000280

C ** ALL - SUM OF S(J) FOR ALL J 00000290

C * ASIZE SIZE OF A ARRAY 00000300
C *** B = TEST VARIABLE 00000310
C *** C - ((LI-1)/LI) 00000320
C see CC - I(LI-OLD-1)/ILI-OLD)) 00000330

C 000 COEFF(*) a COEFFICIENTS OF VARIATION 00000340

C **0 COUNT - UNIFORN DEVIATE COUNTER 00000350

C to* COVIO.*) = COVABIANCE MATRIE 00000360

C *00 COB = ACCUMULATION OF FREQ 00000370

C *** CUNDAR(*)= MEAN OF CUM 00000380

C *0 CUNCV = CUEFFICIENT OF VARIATION FOR CUM 00000390

C *0* CUNVAC(O)
s 

VARIANCE OF CUM 00000400
C 0* FF SAMPLE BEAN FOR FIRST PASSAGE 00000410

C *00 FFVAR = SAMPLE VARIANCE FOR FIRST PASSAGE 00000420

.C 000 FRBAS(*) = MEAN OF FREQ 00000430

C *00 FRCV = COEFFICIENT OF VARIATION FOR FUQ 00000440

C 0*e FREQ z NUMBER OF NEU TRANSITIONS INTO ABSORBING STATE 00000450

C *'* FRVAR(S) a VARIANCE OF FRE 00000460
C *s* I z DESIRED NUMBER OF RACROREPLXCATIONS 00000670

C *** INITAL * INITIAL STATE 00000480

C **' ISELD = INITIAL SEED 00000490

C *'* IT * TRANSITICN COUNTER 00000500
C * j* a s INDEX FOR STATES 00000510

C ** K a NUMBER OF PARALLEL HICRORBPLICATIONS 00000520

C ** KPBIE()x RUNNER IN STATE AT END OF TBAUSITION 00000530

C 0*e KSTAR(*) a NEXT KPRIME(*) 00000540

C S** L - NUMBER OF DESCRIPTORS TO 33 ISTINATED 00000550
c **LA a LL t 1 00000560

C ** LI a INDEX FOR I 00000570

*0 LIJ = 1I+ OLD 00000580

C *00 LJ = INVEN FOR STATES 00000590

Fig. 1. CHAIN Subroutine
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000 LL - INDEX FOR L 00000600
C 000 LB a INDEX FU L 00000blO
C *'* N(s) a STATES THAT CAN BE ENTELED PROM J-1 00000620
C 0*0 N * NUMBER OF HIGHEST STATE 00000630
C so* NJ bUMLjEP Of STATES (N+t) 0000064O
C 000 OLD N NURSES OF R&CRUREPLICATIONS ALIUAD? PERFORMEO (OLD<Ij 00000650
C 000 OJEA a TEST VARIABLE 00000660
C *o* P(*) a TRANSITION MATRIX 00000670
C 000 9P a jQ POM TIME BEFORE 00000680
C *** FlAR FRACTIONAL PART OF PP 00000690
C **' PSTAN - INTE#E3 PART OF PP 00000700
C 0** Q10) F RlOM P 00000710

000 0 - EO U AND K 00000720
C seo Q)BA3| FbACTIGNAL PART OF QQ 00000730
C ** QSTAB a INTEGER PART OP OQ 00000740

C *o. a a INDEX FOR STATES 00000750
C *O REG ACCUMULATED F7I9 FO TRANSITIONS GREATER THAN TT-1 00000760
C 060 RPRIM(*)a CUMULATIVl 8EVARD FOR ESTIRATOIS 00000770
C 0*0 RSEED - RANDOM GENLATOR SEED. REAL VALUED 00000780
C 0** SEED a RANDOM GENERATOR SEED 00000790
I. * SIZE - bLOCK SIZE FOB RANDOM NUMBER GENERATOR 00000600
C *** Sp) a NUMBER OF STATES THAT CaN BE ENTBRED FROM J-1 00000810
C 0*S SJ a SIJ) 00000820
C 0*0 SK a SU"S(J) 00000830
C sOS SS - MI, (NUMBER of TiANSITIONS, TTJ 00000840
: 000 SUMS(J 1  = SUM OF S(1) IHSU Sd-1), AND SUBSII)aO 00000850
C *.0 TT - MAXIMUM NUMBER OF TRANSITIONS TO LOOK AT 00000860
C *o 0 a CURRENT UNIFORM DEVIATE 00000870
C 000 V(OSj - UNIPOM DEVIATE ARRAY 00000880
L *so X = NUMBER U TiANSITIONS IN CURRENT BOVE 00000890

00, IBAR(O) - MEAN MATRIX 00000900
00000910

C 0*0 INITIALIZE VARIABLES. 00000920
00000930

P? - 0.0D0 00000940
PFVAR O. DO 00000950
35 = 0 00000960
ISEED = SED 00000970
ISEED - SEEU 00000980
COUNT = SIZE 00000990
DO 80 J=I.TT 00001000

IRVAR (J) - 0.ODO 00001010
FREBANIJ) a 0.000 00001020
CURVAR(J) = O.ODO 000010.0

bo COMBAR(J) = O.ODO 00001040
DO 100 JII'P 00001050

SK a SUMS (J 00001060
KP|SK I) 00001070

IF (S(3).L'L.2) GO TO 100 00001080
53 S (J) 00001090

Fig. 1 (Continued)
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DO 90 P-2,SJ 00001100
90 Q(SK+Ih) a Q(SK+B-1)'P(SKtA) 00001110

U(SKISJ) " 1.0000D0 00001120
100 CONTINUE 00001130
C 0*e ChECK IF IBAR AND COY ABE 1 5TOBD. 000011 0

IF (OLD.GT.0) GO TO 115 00001150
DO 110 LL=I,L 00001160

ISA!IILL) a 0.000 00001170
COEFF(LL) - O.ODO 00001180
Do 110 LM=I,L 00001190

110 COV(LL,LI) O.O0O 00001200
115 LIJ - 1 + OLD 00001210

DO 118 LL-1,L 00001220
XBAR(LL) = XBAS(LL)*OLD 00001230
DO 118 L-1,*L 00001240

116 COGVLLLO) COVILL.LN) *OLD 00001250
00001260

C 0*0 START MAIN LGCP. 00001270
DO 540 LlLIJI 00001480

C **0 INITIALIZE VANIABLES FOR THIS REPLICATION. 00001290
b = 0 00001J00
C = (LX-1.ODOI/LI 00001310
CL = (LI-OLD-1.0DO)/ LI-OLD) 00001320
CUm = 0.00 00001330
BEG .O0OO 00001340
IT = I 000013SO
(jIEGA - 0 00001360
00 10 LL=I,,L 00001370

140 RPfRIE (LL) = O.ODO 00001360

DO 130 J=l.NP 00001390
STAR3J) = 0 00001400

130 KP1 INlE(J)= 0 00001410

C *** START THIS REPLICATION VITH ALL MICIOREPLICATIONS IN INITIAL STAT0000I2IO
3 = INITAL + 1 00001430

KPRBIE(J)= K 00001440
KSTAI(J - K 00001150

C s' LOOK AT INITIAL STATE. 00001,60
3 - INITAL + 00001*o70
GO TO 400 0000180

C LOOK AT TlE NUET STATE. 000014190
300 = J*l 00001500
C 0* SKIP TdE ABSORbING STATE. 00001510

IFI jJ.LkV.AbSUbfl) J a J1I 00001520
c so* IF NONE IN THIS STAT!. LOOK AT TH E T STATS 00001530
400 IF (KPAIMEIJ).3U.0j GO TO 300 00001510
C 000 ?ID THE NURBER 01 STATES THAT CAN 53 IEID PION STATE J-1. 00001550

5J , 5(J) 00001560
. *** STAhT uTn TUL IL&ST STATE ThAT CAl 58 RETIRED FROM STATE J-1. 00001570

H =1 00001560
C *'* POINT TU THE NEXT DEVIATE TO USE. 00001590

Fig. I (Continued)
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COUNT a COUNT 4 1 00001600
C *0 GET NEW ARRAY OF DEVIATES IF NEEDED. 00001610

IF (CUUNT.LE.SIZE) GO TO 4620 00001620
COUNT : 1 00001630

C 0*0 CALL RANDOM(S-ED.VSIZE) 00001660
CALL GGUBS LRSEED.SZZEV) 00001650

C 000 GET THE DEVIATE POINTED TO BY COUNT. 00001660
C *00 TRANSFOR DEVIATE. 00001670
420 U x DULE(ABOD(KPRIBEJJOVECOUNT) .. )) 00001680
C N&ITE(3.2040) U.V(COUNT) 00001691
C o0o TRANSFER ALL OUT OF THIS STATE FOR TRANSITIONS. 00001700

KSTAR(J) - KSTABI(J) - KPBI3(J) 00001710
C 0e XNITIALIZI QQ, QSTA*, AND QBAR. 00001720

U9 = 0.0 00001730
QSTAR x 0 00001740
OBAR = 0.0 00001750

C 000 SAVE THE LAST OCCURRENCE OF vQ, OSTAR, AND QBAR. 00001760
500 Pp =Lew 00001770

PSTAR = STAR 00001780
PDAR = QrAB 00001790

C 000 COMPUTL NLh VALUES FOR UW. USTA&R AND QBAR. 00001800
0 Q KPI IE (J) *v (SUNS (Jj +11) 00001810

QSTAb I PINT ((.) 00001820
JBAY = DMIODQ.1.0D0) 00001830

C *00 FIND THE # CF TRANSITIONS TO THE I-TH STATE THAT CAN BE ENTERED. 00001860
L *.S FROM J-1. 00001850

I = ( STR-PSTAR)+.5*(DSIGN(1.0D00.-PBAB)t 00001860
1 DSIGN(1.0DOQ3AR-U)) 00001870

C S.. ADD THESE T&AiKSITIONS TO THE ENTERED STATE OCCOPANCI VECTOR. 00001880
KSTARj{/SOSLJ).4)+1) x KSTAR(R(SURStJ)B)+I)+X 00001890

C S** FIND 1hL NUMBER OF TRANSITIUNS MADE SO FAR FOR THIS STATE. 00001900
is = b4X 00001910

C o ACCUMULATE TilE REWARDS FOR THIS STATE TRANSITION. 00001920

DO 51O LL=IL 00001930
It IA(ALL*(LL-1)+SURS|J)+R).EQ.0.0.OR.O.EQ.0) GO TO 510 00001940
AER InE ILL) - URPIE (LL) 4A (ALLS(LL-1)+S0NS lJ)4R *1 00001950

510 CONTINUE 00001960
C 000 GO TO TIlE NEXT STATE THAT CAN BE REAC09D 7ROM J-1. 00001970

h - R4 1 00001980
C 0*e IF NCT ALL TRANSITIONS WERE MADE FOE THIS STATE, TR! AGAIN. 00001990

Ir (B.LT.KPRIMELJ)) GO TO 500 00002000
L. 00 ACCUMULATE THE NUMBER OF TRANSITIONS NADI SO FAR FOR ALL STATES. 00002010

OE19A - OfEGA4B 00002020
C CLEAR ThE NUMBEk OF TRAbSITIONS FOl ThE STATE COUNTER. 000020JO

5 = 0 00002060
C *0 IF NUT ALL TRANSITICNS WERE HAD YET, T1Y AGAIN. 00002050

IF 1OfLA.LT.K-APRIME(ADiU5Ok5-l)) GO TO 300 00002060
OMEGA a 0 00002070

C * ACCUMULATE F&IBAR. FkVk, CUMDAN AND CUNVA& 00002080
FNRE a KSIAR (ABSORBI)-KPBRNZIEASOD+1I 00002090

Fig. 1 (Continued)
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IF (IT.Ev.1) FRE- a KsTAR(LASORB+ I) 00002100

F7 S 7FF + 1T*?F12 00002110
FFVAP x FFVAR + IT**2SrBEQ 00002120
CUR z CUR 4 FREQ 00002130
LL - RiO (TT,IT) 00002110
If JIT.LT.TT) GO TO 515 00002150
EE. RE 4 FIEQ 00002160
IF (KSTARAbSO3kBfl).LT.K) 00 TO 522 00002170
FRE4 - REG 000021&0

515 FtBAR(LL) - rRBAR(LL) + FREQ 00002190
CU88k(LL) a CUMBAILL) 4 CUM 00002200
FRVAR(LL) x FBVAR(LL) + 7110002 00002210
CUMVABILL) a CUMTA ILL) + CUE*02 00002220

C *** RESET ThE STATE OCUPANCY VECTOR. 00002230
522 DO 525 LJ-I,P 00002240

KPRIME(LJ) - KSTABt(LJ 00002250
sJ , 5(LJ) 00002260
DO 525 ]1l,SJ 00002270

525 KPRIRE(K (SUNS ILJJ )4i) - ESTAO(I(SURS(LJ) 4.3)1 00002280
C 000 START NEXT TRANSITION IN STATE 0. 00002290

j = 0 00002300
C *@* COMPUTE TUE NUMBER Of TRANSITIONS AIDE SO FAR. 00002310

IT a IT + I 00002320
C 000IF NOT ALL ABSORBED, TRY AGAIN. 00002330

IF (KPRIME(ABSOMtg•).LT.K) GO TO 300 00002340
C R0, RECURSIVE COMPUTATIONS. 00002350

IF (LL.GE.TT) GO TO 529 00002360
C 0 A0 ACCUMULATE CUMBAR AND CURVAR FOR OF TRANSITION STEPS > IT-1. 00002370

LL = LL # 1 00002380
DO 527 LM-LL.TT 00002390

CUMVAR(LM) w CUNVARILA) + CUOe2 00002400
527 CUMbA(IL) a CUBARIL) + CUM 00002110
C 0s COMPUTE TIHL COVARIANCE MATRIX RECURSIVELY. 00002420
529 If (LI.EW.I) GO TO 535 00002430

DO 530 LLxI.L 000024*0
DO 530 L=IL 00002150

530 COY ILL,LN)= (1L/-2) SCOV (LL.LB) 413P13B1 (LL)/E-IARtILL) 3 00002160
1 (18PHitZ (LRI/g-1 (BiLUA) eC)/ (LI- I) 00002470

C *00 COMPUTE SS. 00002460
535 SS a MI'O(TTffAXO(SS.IT-1)) 00002190
C 000 COMPUTE THE SAHPLE KEAN VECTOR RECUISIVEYI. 00002500

DO 540 LLIL 00002510
XBAR(LL) CXBIAR (LL) +(1.000-C OiPUlFIEILL)/K 00002520

$SO CONTINUE 00002530
00002510

C 000 END lAIN LOOP, COMPLETED I NACROREPLICATIONS. 00002550
C 00s 00002560
L 000 COUPUTE FRBA3, FIVR. CUMEAR, AND CUIVAR DIRECTLY. 00002570

le (.NLE.1) REG (K02.ODOJ*(102.0DO)*(l-l.ODO) 00002580
DO 545 LL-t.TT 00002590

Fig. 1 (Continued)
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it? (I.i. 1) GO TO Si64 00002600
RV3B (LL) - (1*]PRVAR(LL-?RDA&(LL3*I'2/IEG 00002610
CUAVAR ILL) a (IoCUMVAILL)-CURBAR (LL) 002)/BEG 00002620

5,4 CURBAk (LL) a CUMBAR(LL)/(K*J 00002630
54i5 FIAl (LL) as FRbA(L.L)/1o) 00002640

0000265O
DO 550 LL-1.L 00002660

DO 550 LM-1.L 00002670
550 COV(LL.LfJ a COY(LL.LhI/L 00002600

DO 570 LL=IL 00002690
IF (XBAP(LL).NE.O) COLFF(LLJ - DSQRT(CO(LL.LL1 )/3B1(LLj 00002700
If (LL.EQ.L) GO TO 570 00002710
Lk At LL+1 00002720
DO 560 LN=LA.L 00002730

IF (COV (LL.LL*COV (LM .LR).GT.Oj 00002740
1 COV (LRB LL) COV (LL.LU)/DSQRT (COY (LLLL *OV (LU.LU)) 00002750

560 CONTINUE 00002760
570 CONTINUE 00002770

00002760
C 000 PRINT RESULIS. 00002790

00002800
SEED a USEED 00002610
WRITE (3, 1000) NPINITALABSORS.ALLLKZ.,ISEED.SEEDSZZZ 00002820

1000 FOUMAT(1HI.°kESULTS OF ROTATION SAMPLING FOR A NROW C1iNo,///, 00002030
1 NO. OF STATES -00110//. 00002840
24 INITIAL STATE *I10//* 00002850
30 ABSORBING STATE 0I10//, 00002860
Of TOTAL NO. OF (1,J) PAIRS 8*I10//. 00002870
5 NO. OF DESCRIPTORS s' .lO//, 00002880
be  NO. OF CORRELATED N1CRORZPLICATIONS -0,110//, 00002890
71 NO. OF INDEPENDENT NACIONIPLICATIDIS w*.IlO//, 00002900
8' INITIAL SEED 01r10// 00002910
9' FINAL SELD we 110// 00002920
C BLOCKING FACTOR uZt0/j 00002930
IEWIND 11 00002940
WRITE (3.2000) 00002950
WRITE (3,2030) 00002960
WRITE (3,,040) (XBAR(LL).LLz1sL) 00002970
WRITE (3.2010) 00002980
WRITE (3.20301 00002990
WRITE (3,2040) (COEFF(LL).LL-1,L) 00003000
WRITE (3,2020) 00003010
WRITE (3,2030) 00003020
DO 580 LL-I.L 00003030

WRITE j3,20,5)LL, (COV (LLLR| .LUUIL) 00003040
560 CONTINUE 00003050
2000 IORMAT(//,@ SAMPLE REAN VECTOBN,/, O00030bO

1 * *********@*e***%/) 00003070
2010 FORMAT(//,§ SAMPLE COEZFI1CIETS O VARKATIOO./, 00003080

1 * ***OS*oeeSS******S*****Soooe S*oooo /) 00003090

Fig. 1 (Continued)
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4020 FCGbNAT(//.* SAMPLE COVARIANCE/C022!LATIOM *ATRalf.,. 00003100
1 * *S~S**S*S****OS*.*~)00003110

2030 08l(9.'.4.21*.3114.I.5.*.6.*.7 00003120
1 'X**tZ9./ 00003130

2040 rO35AT(2l,9jO15.8)/) 00003140
2045 r0RMAT(12,9j(Dl5.8)/j 00003150

77 a F/(K*I) 00003160
,FFVA8 a rrlAR/(K*I) - rFO*2 00003170
00 620 LL-I.SS 00003180

IMcV =0.0 00003190
LUNICV = 0.0 0000J200
IF (Fr6Aa(LL).WJk.0.000) PRCVa0SQIT(P3VA2(LL))/r33A3(LL) 00003210
IF (CUPIDAR ILL). NZ..0D0) CUMCV-bSQ2T (CUV All ILL)) )/CURBAR ILL) 00003220
IF (MOD(LL,50).NE.1) GO TO 620 00003230
UVITE (3,3000) 00003240
IF (LL.GT. I) GO TO 610 00003250
VE'ITE (3 301) rr~rrvaat 00003260

610 W81TE (3,30.10) 00003270
020 aRITE (.1,3030) LL.FrBAR(LL).FUWAD(LL).VDCV.COKDAI(LL), 0OOO3d8o

ICUMVAMt(LL3 1 CUHCV 00003290
IF (OLD.E%1.0) PETURN 00003300
LL I - OLD 00003310
VRuTE 13,4000) LL 00003320

31000 FOENiAT(l&l,1?IRST PASSAGE TIME IT) DISTIIBUTION4,/, 0000J330
010 FOfA(E1SN'E ENT %t.. 00003340
3 10 *OAT/1,SML *. Ms.*sEAeeNeJ seT*e*.e 000033S0

1 @SAMPLE VADIAIICE(T) usobl5.S) 00003360
3020 rOBAT/,.J3X.'NAzS FUNCTION*,421,001STRBZUTION ?UNCTIONO./-* 00003370

1 351.'YA3IANCR%,101,'COEFICIENTO, 00003380
2 31X,IVAIIAUCI9 ,101,*COEFFICIZNT**/. 00003390
3 * I*,10X.@PR(Tz:I)., 111.00r PR(T-I) 0,91.6011 VAIATIOU4. 00003400
* l0X,6PiaT=)'.l1.O? PU(T(-X)o.91.'OF VARIATION. 00003410
S /' --- o%9x.A------- 6, .-- '9.'-----' 00003420
b 10A.-- -- '1I-'----9----- **oxs--o-gl*) 00003430

.3030 FORMAT($ 6,15,6(5Z.10.8)) 000 034*0
4000 rOPL AT(/.0 FIRST PASSAGE DISTRIBUTION 1S BASED ON THE LAST 8, 000034S0

1 15,* RACROPEPLICATIONS.0) 00003460
RETU RN 00003470
END 00003480

Fig. 1 (Continued)
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Fig. 2 Input to CHAIN Subprogram

(a) Data Input

VARIABLE TYPE DESCRIPTION

A REAL*4(ASIZE) A(ALL*(LL-1) + SUMS(J) + R) a reward received when
a replication Jumps from state J - 1 to state
N(SUNS(W) + R) for R - 1.....S(J) for reward
function LL - 1,2,....L

ABSORB INTEGER Absorbing state

0 s ABSORB s N + 1

ALL INTEGER Total number of arcs - SS(NP) + S(NP)

ASIZE INTEGER ALL*L

I INTEGER Desired number of independent macrorepllcations

INITAL INTEGER Initial state
0 s INITAL s N + 1

K INTEGER Number of parallel mtcroreplications per
microreplication

L INTEGER Total number of reward functions

N NTEER(N l) N(SU.H(J) + LR) a LRth of S(J) states to which a
replication can move from state J - I
LR - l.....S(J)

NP INTEGER NP - N + I s total number of states

OLD INTEGER If OLD a 0 simlation proceeds to run I macro-
replications

If OLD > 0 simulation proceeds to run I - OLD
additional macroreplications

P REAL*4(ALL) P(SUN(J) + LR) - probability of moving from state
J - 1 to N(SU(J) + LR) LR - 1 ..... S(J)

S INTEGER(N+l) S(J) - number of states that can be entered from
state J - 1

SEED INTEGER Initial value for random number generator

SIZE INTEGER Each call to the random number generator returns a
block of SIZE uniform deviates

(continued)
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Fig. 2 (Continued)

(a)

VARIABLE TYPE DESCRIPTION

sUms INTEGER(NP) SUIS(J) - 0 , 1

,-1
. S(I) J - 2....,NP

TT INTEGER Number of cells in sample first passage time distri-
bution. Lost cell estimates probability of absorp-
tion at time i TT

(b) Working Arrays

f VARIABLE TYPE DESCRIPTION

KPRIME INTEGER(NP) Distribution of microreplications by state at
end of a transition

KSTAR INTEGER(NP) Distribution of microreplications by state at
beginning of a transition

Q REAL*8(ALL) Q(SUN(J) + LR) * probability of moving from
state J - I to state M(SUR(J) * 1)
N(SUH(j) + 2),;.. or H(SUI(J) + LR)
LR - 1,...,S(J)

RPRIME REAL*8(L) Accumulated rewards for L reeard functions

V REAL-4(SIZE) Space to store uniform deviates

(continued)
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Fig. 2 (Coatimed)

(c) Arrays Used to Smmarize Data on I Macroreplications

VARIABLE TYPE DESCRIPTION

COEFF REAL*B(L) COEFF(Jl) - sample coefficient of variation of
XBAR(il) J1.....L

COy REAL*8(LL) At completion COV(J1, J2) contains the sample
covariance of XBAR(J1) and XBAR(02) for
J2-J1,....L and JI-1,...,L and COV(J2,Jl) con-
tains the sample correlation between XBAR(J1)
and XBAR(J2) for 41-1.....02-1 and
J2-2,....L

CUBMAR REAL*8(TT) CUIAR(J1) - sample probability that absorption
occurs on a step s J1 for Jl-l,....TT - 1;
CWAR(TT) - I

CUVAR REAL*8(TT) CUMVAR(W1) - Sample variance of CUIMAR(Jl)J1-1 ..... TT

FF REAL*8 Sample mean of first passage tim.

FFVAR REAL*8 Sample variance of first passage time.

FRBAR REAL*B(TT) FRBAR(Jl) a sample absorption probability at
step 31 for l-l,....TT - 1

FRIAR(TT) - I FRBAR(31)

FRVAR REAL*8(TT) FRVAR(J1) - sample variance of FUBAR(31)

J11,... ITT

XBAR REAL*8(L) XSAR(Jl) - the sample mean reward for reward
functi.on __-__...,L



-33-

INTEGER I.J.KPRZSE(50),KSTAE(50).L.I.LL,.I(I00).N.UP.S(S0). 00000100
I SUHS(50) .ALL.INITAL.AISQIU.SXgg.OLDSSED.TT.ASZZ3I 00000110
IEAL*4 A(500).LAHIV(60000),W 00000120
REALOB COEP?(10) ,COV(1010).U(100).PIU(10).IUAI(102. 00000130

1 PIItO),?BVA3to)RA(100) ,osxlj ,133I0 .C1L(0)cUVAN (IOOJ 00000140
00000150

C 000 INITIALIZE VALUES. 00000160
00000170

READ 41,10001 a,L,X.LAII.V,I,ABSORBIIITALSJZZ.TT 00000160
1000 FORMAT (Z~/I..6/1.l/76 .. I*.5/J..5/X) 00000190

NRIT113. 10055 N,LN.LAN.W.ZA8SORR.LANITALSXZE.TT 00000200
1005 FORMAT (6 0=0.15.0 L-0.13.1 K81 00000210

1 0 LAS-'.F4.1.4 V=%74.i.* 1.#15,0-ABORD-9,15, 00000220
2 0 NITAL615.0 S1Z-01'.IS TT-0,X5j 00000230

N= 0 1 1 00000240
READ (11.1020) SEED 00000250

1020 FURRAT1IIO) 00000260
C *00 FOB EACiI STATE DETEkSINE THE RUBBER Of STATES TUAT CAN 33 ZNTEBZD.00000270

Sill - 1 00000280
00 80 JZ2,wp 00000290

s0 S(J) =2 00000300
NEITE(3.1015) (S(J).J1NP) 00000310

1015 FORMIAT (0 S(J) w4,2015) 00000320
;.Unstlj - 0 00000330
ALL a 5(1) 00000340
DO 903 3ad*ftp 00000350

SUflS(J) a ALL 00000360
90 ALL a ALL +. S(J) 00000370
C 000 TUE NEXT INITIALIZATIONS BAY 31 RON S?3IZfLPC. 00000380

OLD - 0 00000390
DO 100 J-32,11P 00000600

C 000 COMPUTE TUANSIIION PIODADZLZTIES. 00000610
P(SUNS(j5+l) - W/ILA34N) 00000420
P(SUI(S(JI+2) - LAU/(LAH4.U) 000001630

100 CONTINUE 00000440
Pill , 1.0 000001650
WEITZ (3,101%) jP(LM),L&k1.AL&) 000004660

1016 FOINAr if F(s) -1,20P5.2) 00000470
C *** F03 EACH STATE J DEMEENNE STATES TEAT CA* DR RUTER3D. 00000460

DO 4600 Js2.N 000004,90
H(SUNS(J)*l) a J-2 0000500

600 N(SURSIJI+2) w J 00000510
Nis) a 00000520
R(SUMS(NF)4.1) -N-1 00000530
I(SURS(#P)421 z 9 00000560
WEITE 13,1017) (N(LIJLI,-lA&1 00000550

1017 FORRAT (s NIS) U1.20153 00000560
C **COMPUTE REVARE VECTOR. 00000S70

DO 500 3.1.11 00000560
A(ALL02*SUNS(J)411 - 0.0 00000590

Fig. 3 Driver Routine for Example



-34-

A(ALLO*44SUNS(J)+21 - 0.0 0000600

A(ALL*3+SUSJ)+l) -0.0 00000610
A(ALL*3+SUMS(JJ42) A 0.0 00000620
A (SUNS (J)*13 a RgSUNS(J)+1)/(L&I+W) 000006 30

A (SUNS (J)42) a f(SUNS(J)*2)/(LAKS* 000)

A (ALL+SUNS W) 41) s 1/(LAN4U)00066
S00 A (ALL+5011(j) -+2) a 1/(LAR*Vi 00000670

A (ALL+SVMS (214 1) 0 1/LAN 0001

A(ALL*2+I) a 1/(LN4-U) 00000680

A(ALLOJ4SUIS(3)+1) a 1/(LAR*U) 00000690

A(ALL*3*SURS(212) a1/(LAR*U) 00000100

A(ALL*34SURS(S)I1) -/LUU 00000720
0000072.0

WALTE (3, 10181 (A(ALL' (LL-Ij+L2J.L331.ALL) Jooa

101d FORMAT (9 A(*.LL) x6,20F5.2) 00000150

550 CONTINUE 000s

4ASIZE a ALLOL 00000760

S**CALL PARALLEL SIMULATION PROGRAM. 00000170
CALL CMAZN(K.ULD.INP.INITAL.ADSOID.,SIN.SUISeALL,PeKPUIhEP 00000760

ESTAh~tiL.ASIlZE.&,P51K,X5A3.COVCOIFFTTeRB,~ 60000790
2 YBAXUMBACUVABZEDSlzj~w)00000800

STOP PViCU ABC VAEDSZ. 00000610
ZOD 00000620

Fig. 3 (Contira~.d)
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